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Abstract
Structural non-destructive evaluation techniques are applied to viscous flows to detect fluid
property changes. The main operating principle consists of an actuator which provides a stimulus,
and a sensor to receive a signal traveling to a fluid domain. The main challenge of the operating
principle consists of investigating waves traveling in a viscous flow. Traveling waves utilizing a
piezoelectric

actuator-sensor

pair

are

modeled

and

the

results

are

validated

experimentally. ANSYS models, coupled with a two-way fluid-solid interaction model, are built
to investigate how far a signal travels and what frequency ranges are of interest. The numerical
model includes modeling three different geometries (square, circular, triangular) for the actuatorsensor pair manufactured with three different piezoelectric materials (PZT4, PZT5A, PMN32).
Numerical work is validated with experimental work using a pair of circular actuator-sensors
manufactured with PZT5A and immersed in a large container of water and glycerin. Furthermore,
in order to establish mesh independence of the results, three mesh refinement levels (coarse,
medium and fine) were utilized with different materials, geometries and fluid viscosity values.
The actuator receives a 0.5 VAC signal ranging from 100 Hz to 40 MHz. The sensor
records the signal at varying distances from the actuator, and the result is labeled as the gain or the
ratio of received to send wave magnitude. The pattern of decay for both numerical and
experimental results are in close agreement (the numerical decay are 10.825 and 11.4 for water
and glycerin, respectively, while the experimental are 11.254 and 14.48 for water and glycerin,
respectively). Numerically, the results show that the maximum acoustic pressure can be obtained
by using a square piezoelectric actuator- sensor pair fabricated with PMN32. Numerically, the
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results show that the maximum acoustic pressure can be obtained by using a square piezoelectric
actuator- sensor pair fabricated with PMN32.
A viscosity probe for medical applications is developed using a piezoelectric actuatorsensor pair. The design constraints were size and cost. The actuator-sensor pair is manufactured
with PZT5A with a rectangular shape to fit a 3 mL vacutainer. The actuator is excited by 0.5 VAC
sinusoidal waves with varying frequencies ranging from 100Hz to 40 MHz. The sensor will detect
the produced wave in the fluid. Also, the phase shift is recorded for different concentrations of
glycerin and water to simulate different viscosities ranging from 1 to 1600 cP. The numerical
analysis, a modal analysis, of the probe was performed and the results showed that the first, second
and third modes of the device were in the range of 684–2358 Hz for air, 500–1080 Hz for water,
and 469–625 Hz for glycerin. From the harmonic acoustic analysis, the results showed that the
highest phase shifts, and maximum gain, occurs at the ultrasonic frequency range, 6 to 9 MHz.
Hence, there is no relation between the natural frequencies of the probe and the ultrasonic
frequency for the phase shift. Most importantly, a correlation between the phase shift and viscosity
is found, making the probe a feasible device for measuring viscosity in an inexpensive, small, and
disposable way.
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CHAPTER 1
1.1 Background
Non-destructive evaluation (NDE) methods are widely used for structural health
monitoring (SHM) of civil structures including bridges, dams and nuclear power plants [1]. Among
them, wave propagation-based methods are commercially available and can detect failures of solid
materials such as metals and composites, that have been used for over 20 years [2]. Piezoelectric
based sensors are often utilized in the NDE systems, based on the piezoelectricity effect, which is
defined as a generating of an electrical voltage across the piezoelectric material due to the applied
stress or strain. The common material used in the sensors is Lead (Pb) Zirconate (Zr) Titanate (T)
or PZT. PZT-based sensors are becoming more prevalent when compared with other sensors
because of their monitoring performance and low-cost [3,4]. Piezo-based NDE methods include
ultrasonic guided waves (UGW) with materials including polyvinylidene fluoride (PVDF)
multielement sensors, macro fiber composite (MFC) sensors, and surface acoustic waves (SAW)
PZT materials [5, 6]. In a typical wave propagation approach, applying an electric signal to the
piezo-transducer generates waves that transverse the structure and are captured by the piezoreceiver [7]. The received signal should remain the same as long as the structural region between
the transmitter and the receiver remains in good condition; if the structure defects, then the received
signal will be changed. When changes (cracks, corrosions, e.g.) arise in the structure, a contrast
between the previously recorded signals and the currently read signal may display.
Depending on the application, the ranges of ultrasonic wave frequencies can vary. For
instance, in biomedical ultrasound applications, the required resolution is on the micrometer scale,
which requires operating frequencies over tens or hundreds of megahertz [8]. Other applications,
like marine transmission, require a frequency range of less than 10 kHz. In this case, optical fibers
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are used and have played an essential role over the last 20 years as an alternative to the existing
piezoelectric materials because of their high sensitivity and ability to minimize electromagnetic
interference [9-25]. Ultrasonic waves have been an integral part of industry and research in recent
decades [26]. One application of ultrasonic waves is the detection of internal defects in sound
conducting materials. In this case, a short pulse generated by an electric charge is applied to a
piezoelectric crystal. This crystal will vibrate for a very short period at a frequency related to the
thickness of the crystal. The frequency for detecting a flaw is usually performed in the range of 1
MHz to 6 MHz. At this frequency range, the vibrations or sound waves have the ability to travel
at significant distance in homogeneous elastic materials. For instance, K. Kwong, et al [27],
monitors hydration in structures based on the Surface Wave Propagation (SWP) technique. This
technique is based on measuring mechanical properties of the structure such as dynamic Young’s
modulus and compressive strength of concrete.
Other work detected cracks or damage in bolts or joined steel bridge components. The
detection of cracks or damage in the structure can be monitored using PZT patches attached to the
structure to detect the growth of cracks in the bridge components [28, 29]. Song, et al [30], present
a numerical simulation and experimental setup to investigate the wave propagation mechanism in
honeycomb sandwich structures using PZT actuators/sensors. The results showed that the global
guided waves in the composite can be detected when loading frequency is low. Experimental
testing was performed to validate the numerical results. Very good agreement is noticed between
the numerical and experimental results. V. Chillara, et al [31], investigate the change of the load
and temperature on a guided wave third harmonic generation from shear horizontal (SH) waves in
aluminum plates. Magnetostrictive transducers were used to excite the shear horizontal waves (SH)
and a measurement of third harmonic was made under increasing static – tensile loads at a constant
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temperature. Song, et al [32], developed a numerical simulation to investigate the surface wave
generation and reception using a pair of piezoelectric actuators/sensors and the numerical model
ran at higher frequency range cases. The results obtained examined some features of the
microstructure effects on the surface wave propagation. Also, an experimental test was conducted
to validate the numerical simulation. The results obtained include velocity dispersion curves of the
surface waves. Those curves are important for the future damage detection in concrete materials.
The results show a good agreement for the potential and feasibility of using piezoelectric
actuators/sensors to generate and receive surface waves for damage detection in concrete
structures.
These non-destructive techniques may be quite useful for the determination of fluid
properties. Fluids are found everywhere and serve a vital role in a wide range of processes, from
machinery to the human body [33,34]. Regardless of the area, it is always helpful, or even required,
to monitor the specific condition of the fluids. For instance, online measurement of the fluid
properties is an essential task for machinery [35] or human body health monitoring [36]. Young’s
modulus, conductivity, permittivity, density, and viscosity are essential parameters for evaluating
the status of the fluid through physical sensing. Among them, viscosity can be considered as the
most significant physical property because it regulates and determines the shear stress/shear rate
interaction of the fluid. In other words, viscosity quantifies the resistance to the flow of a fluid and
plays an important role in the field of rheology. Fluids conforming to Newton’s linear law of
friction are known as Newtonian fluids (e.g., air, water, simple oils), and they demonstrate a linear
correlation between shear stress and shear strain rate [34-37]. Non-Newtonian fluids do not follow
this linear law and exhibit more complicated shear stress to strain rate behaviors due to their
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complex molecular structures (e.g., polymers, blood). These fluids are generally highly viscous,
and measurement of their properties is more complicated compared to Newtonian fluids.
In order to determine the properties of a fluid, it is useful to know the speed of pressure
wave propagation, which is identical to acoustic velocity and determined by the density and massto-pressure derivative of the bulk modulus of the fluid. Since it is crucial to quantity for the fluid
characteristics, researchers have developed methods and predictive models to obtain accurate
acoustic velocity data in different fluids, including oil, biodiesel fuel, water, glycerin e.g., at
various pressures and temperatures [38-40]. Vance and Brown [41], reported the acoustic velocity
in the water at room temperature to be about 1500 ms . Besides, E.S. Jeon et al [42], used an
-1

acoustic inspection method based on ultrasonic sensors to measure the acoustic velocity in glycerin
as a function of temperature, and recorded it at room temperature around 1900 ms . The ultrasound
-1

cell method, based on two ultrasonic transducers, where one served as a transmitter and the other
as a receiver, is one of the most common methods for acoustic velocity measurements. In this
approach, the transmitter generates acoustic waves that propagate across the test fluid, and the
receiver collects them. Then, by using the difference between the transmitter-receiver propagation
time and the distance between the transducers, acoustic velocity data can be calculated.
Applying a non-destructive evaluation to fluids and exploring the behavior of fluid
properties becomes more important in different fields such as aerospace, medicine, chemistry and
biology fields [43]. The ultrasonic transducer is one of the most important devices in the NDE
system. S.Banerjee et al [44], developed a technique to calculate the ultrasonic field (pressure and
velocity) generated by ultrasonic transducers. This technique is based on the distributed point
source method (DPSM), which mainly includes a model of the ultrasonic field generated in a
multilayered nonhomogeneous fields system. Two different cases have been considered. The first
14

case is a geometry problem with three layers of nonhomogeneous fluid, while the second case
contains four layers of nonhomogeneous fluid. In both cases, an excitation with different
frequencies has been implemented at different orientations of the transducers. The results showed
that the ultrasonic field is very sensitive to the fluid properties.
All these methods to detect damage in a structure, can be extended to liquids. For instance,
non-destructive, low-cost systems are increasingly required to evaluate the viscosity of fluids in
real-time. This method can be used on Lab-on-chip (LOC) devices to perform several laboratory
analyses with high precision [45,46]. These devices can be used in different applications in
biological, chemical and physical research. They work by creating a standing acoustic wave
generated by a pair of opposite actuators obtaining pressure nodes in fluids [47-50]. The forces
generated by the integration between the acoustic waves and fluids can be used to separate the
fluid from the particles. N. Orloff et al [50], designed a surface wave resonator with microfluidics
to manipulate particle trajectories. The resonator has the ability to change the position of the
acoustic nodes by changing the electronic phase of the transducers relative to the other in a pseudostatic manner. Demori M et al [51], fabricated a device to generate acoustic modes based on
Flexural Plate Waves (FPW). These waves can be generated using Lead Zirconate Titanate (PZT)
as actuators attached to Interdigital Transducers (IDT) printed on alumina (AL O ) substrate. This
2

3

device can separate the particles from the fluid by the standing waves generated by the PZT
actuators at a resonance frequency. This device can separate the particles from the fluid by the
standing waves generated by the PZT actuators at a resonance frequency.
Also, the non-destructive evaluation technique has been used for monitoring fluid properties
such as density and viscosity. Antlinger et al [52-55], used a non-destructive concept by using
pressure waves to detect the acoustic impedance characteristic of a fluid. In a comprehensive study
15

[52], they demonstrated that the fluid-solid relationship influences the wave propagation properties
of a PZT device. Their research further recorded the electrical impedance of PZT resonators in a
number of fluids with varying viscosities, demonstrating that the amplitude of the impedance
increases as the material becomes less viscous or vice versa. They proved that electrical
impedance, which is a component of fluid parameters (speed of sound, viscosity, and damping,
e.g.), influences the resonance frequencies for a sensor surrounded by the fluid, under an excitation
voltage. R.Waxman et al [56], used a pre-stressed (PZT) probe to monitor a change in viscosity.
This probe consisted of a paired actuator-sensor, where the actuator was excited by a voltage of 1
V , and the sensor received a vibration wave and turned the wave into an output signal.
RMS

Measurements of gain and phase of the vibration wave, through the fluid medium, were recorded
and analyzed. The results showed that the viscosity varies exponentially with the resonance
frequency of the probe measured by the impedance analyzer. Abdulkareem et al [57], built an
inexpensive and disposable device for measuring fluid viscosity based on the non-destructive
evaluation technique. The design incorporates a sensor/actuator pair using a piezoelectric material
layered with copper/brass and is capable of monitoring viscosity changes in low volume liquids
(e.g.,vacutainer vial). Experiments performed with the new device show a definite pattern of wave
propagation in viscous solutions. A numerical model is built to investigate the wave propagation
in the fluid. For experimental measurements, the sensor part of the device detects the generated
pressure wave in fluid (e.g., air, water, glycerin) by the actuator part. The phase shift between the
actuator and the sensor signals is then recorded and plotted for different concentrations of glycerin
and water at room temperature. The results of this study show a direct correlation between the
phase shift and varying viscosity in the ultrasonic frequency range from 6 to 9 MHz. The numerical
simulation, performed utilizing acoustic modal and harmonic response analysis, results also
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demonstrate the same trend as the experimental results: a phase shift increases with the viscosity
of the fluid.
1.2 Motivation
Due to the increasing need to monitor fluid properties, such as viscosity, quickly and
efficiently in process flow (manufacturing or processing industries) or with minimal sample size
(medical industry), there is a need to investigate non-destructive techniques on fluid properties.
This work addresses the needs and develops an application by fabricating a device that can have a
significant effect on the healthcare industry.
1.3 Goal
The goal of this work is to demonstrate that non-destructive evaluation techniques can be
applied to monitor a fluid property such as viscosity using ultrasound wave propagation. This work
includes numerical and experimental investigation on wave propagation of an actuator-sensor pair
to be used for the non-destructive evaluation of the Newtonian fluid properties. First, the effect of
varying distance between the actuator and sensor was studied. Then, different commercially
available piezoelectric materials (PZT-4, PZT-5A, and PMN-32) with varying geometries (square,
circular, and triangular) were modeled to assess their effects on wave propagation in a fluid. This
analysis was performed numerically and validated experimentally. The numerical analysis
included a derivation of the mathematical formulation based on Fluid – Structural Interaction (FSI)
techniques applied between the actuator-sensor pair and the surrounding stationary fluid. This
method included a solution of the dynamics equation for the structure coupled with the continuity
and Navier-Stokes equations for the fluid domain. Three-dimensional models were built using
SolidWorks® software. The numerical analysis included performing a harmonic analysis for the
actuator under applied sinusoidal excitation voltage. Next, the transferred data from this analysis
17

to the fluid domain occurred by performing a harmonic acoustic analysis and finally, performing
another harmonic analysis to the sensor. These results were then validated experimentally. The
second main objective was to develop an application for the healthcare industry. In this case, an
actuator-sensor pair was coupled to a beam that can be immersed in a fluid in a 3ml vacutainer.
Experimental and numerical simulations were performed to optimize the results.
To validate the model, an experiment was designed using a circular actuator-sensor pair
attached to a holder and immersed into a container filled with a fluid. The sensor can displace a
certain distance from the actuator to match the numerical modeling. The experiment includes a
measurement of the signal sent and received. Using the described approach, an actuator-sensor
pair is designed to monitor changes of viscosity in a water/glycerin mixture in a small 3ml
vacutainer. These particular containers are used to obtain blood samples of patients in the
healthcare field.
1.4 Unique Contributions
The main contributions are in the field of non-destructive evaluation technique in liquids;
this technique can be used for monitoring fluid properties using the same principles of wave
propagation in solid structure. In this case, an acoustic wave travels through a viscous flow and
changes throughout the liquid are simulated and measured. These changes are correlated to the
properties of the fluid.
1.5 Dissertation Outline
To address the main goal, the dissertation is divided into Six chapters via the following
outline:
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Chapter 1 gives the general introduction about the non-destructive evaluation method and their
applications in the solid, ultrasonic frequency ranges of the non-destructive method and its
applications in the fluid.
Chapter 2 includes the mathematical formulation derivation for the actuator / sensor pair and the
attached structure and its surrounding fluid. It also contains the experimental setup for the
piezoelectric immersed in the fluid and create a numerical model to be matched with the
experiment for both solid and fluid with proper dimensions using SolidWork. Mechanical
properties for the materials device were selected, mesh configurations for both fluid and solid were
assigned, boundary conditions to the structure were applied to be consistent with the experiment
and finally, a harmonic and acoustic harmonic analysis for both solid and fluid based on the Twoway Fluid Structure Interaction was performed.
Chapter 3 includes the results and discussion for the experimental setup and numerical
simulations.
Chapter 4 describes the design, fabrication and numerical and experimental investigation for a
device based on non-destructive evaluation for measuring fluid viscosity based on the optimal
design and selection from the experimental and simulation results from chapter 2 and 3.
Chapter 5 summarizes the conclusions and the outcomes of this dissertation study.
Chapter 6 explores the challenges and recommendations for future work.
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CHAPTER 2 Fluid-Structure Interaction (FSI) and Numerical Modeling
Fluid – Structure Interaction (FSI) problems can be described as one or more solid
structures immersed or surrounded by a fluid. FSI problems have significant effect for the analysis
in many engineering fields [58]. The nonlinearity and multidisciplinary of different engineering
fields become a challenge to find analytical solutions to the model equations. In addition,
performing experiments are limited and expensive for some engineering problems; therefore,
numerical simulations can be applied to investigate the complex interaction between the fluid and
solid [59-61].
With the developments of computer technology, simulations of the engineering system
become increasingly required and complicated. Therefore, an efficient numerical algorithm can be
used to investigate the interaction between structure and fluid domain. Examples of different FSI
applications include but not limited to, is the particle assembly [62], aerodynamics [63,
64],turbulence [65, 66],complex flow in irregular domain [67-69],electro-hydrodynamics flows
[70], magneto-hydrodynamic flows [71], biofluid and biomechanics (such cell aggregation and
deformation ,blood – heart interaction, inner ear fluid dynamics) [72, 73].
In this chapter, all the details of the Fluid Structural Interaction (FSI) mathematical
derivation and formulation are described. Also, the numerical simulation for the sensor and
actuator (Structure), and the fluid domain based on the FSI method is detailed. The numerical
simulation has been done using Finite Element Analysis (FEA) through ANSYS and Solid Works.
2.1 Fluid Structure Interaction (FSI)
To take into consideration the effect of the fluid domain surrounded by the vibrating beam,
the system has to be set up as a Fluid Structure Interaction (FSI) problem. The FSI method
combines the solid structure of the vibrating beam with the fluid domain to capture the interaction
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between the effect of vibrating solid structure on the fluid domain. In this method, the FSI is mainly
based on the solution of the equation of motion for the structure under applied load (excitation
voltage in this case), coupled with the equation of motion for the fluid. This model can be described
by coupling the equation of motion of the structure and the equation of motion of the fluid. The
discretized equation of motion of the structure can be written as [74]:
[𝑀𝑠 ]{𝑢̈ } + [𝐶𝑠 ]{𝑢̇ } + [𝐾𝑠 ]{𝑢} = {𝐹𝑠 }

(2.1)

Where [Ms], [Cs], [Ks], {Fs}, and {u} are the structural mass, the structural damping, the structural
stiffness matrices, the applied load and nodal displacement vectors, respectively. To model the
fluid–structure coupling, the behavior of the fluid pressure can be described with acoustic wave
equation. This behavior can be derived from continuity equation of motion, with Navier–Stokes
equation of motion described below with the following assumptions [75, 76]:
⃗ =0
𝛻. 𝑉

(2.2)

⃗
𝜌 𝐷𝑡 = −𝛻𝑝 + 𝜌𝑔 + 𝜇𝛻 2 𝑉

(2.3)

⃗
𝐷𝑉

Total derivative Pressure gradient Body force term

Viscous term

(a) the fluid is compressible (density changes due to pressure variations), (b) the viscous
dissipation term in the Navier–Stokes equation is neglected, (c) the flow is irrotational, (d)body
force is neglected (e) no mean flow of the fluid, and (f) changes of the mean density and pressure
remain small in different areas of the fluid domain.
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By applying the above assumptions on Navier-Stokes equation and the continuity equation,
the coupling leads us to Helmholtz’s equation:

𝛻2𝑃 =

1 𝜕 2𝑃
𝑐 2 𝜕𝑡 2

(2.4)

where P is the fluid pressure; c is the speed of sound, t is the time, and 𝛻 2 is the Laplacian operator.
The Helmholtz’s equation represents the equation for the wave propagation in the fluid,
taking into consideration that the viscous dissipation will be neglected. The Helmholtz’s equation
can be described in matrix notation by introducing a matrix {L} operator as shown in equation 2.5:
1 𝜕 2𝑃
− {𝐿}𝑇 ({𝐿}𝑃) = 0
𝑐 2 𝜕𝑡 2

(2.5)

Then, the discretized Helmholtz’s Equation using a Galerkin method, as described in the literature
[77], is shown in equation 2.6, where vol is the volume of the domain, δP = δP(x,y,z,t), S is the
surface, and n is the normal to that surface [78].
1

∂2 P

∫vol c2 δP ∂t2 d(vol) + ∫vol({L}T δP)({L}P)d(vol) = ∫s{n}T δP({L}P)d(S)

(2.6)

In addition, the fluid momentum equation yields equation 2.7 which highlights the normal pressure
gradient of the fluid and the normal acceleration of the structure at the fluid-structure interface S
[78].
{𝑛} ∙ {𝛻𝑃} = − 𝜌0 {𝑛}

(2.7)
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The derived equation for the fluid pressure gradient, and the structure acceleration at the fluidstructure interface, is shown in equation 2.8, where U is the displacement vector, and 𝜌0 is the
mean fluid density [79, 80]. equation 2.8 represents the combined derived equation, and the
discretized modified Helmholtz’s Equation.

1

𝜕2𝑃

(2.8)

∫𝑣𝑜𝑙 𝑐 2 𝛿𝑃 𝜕𝑡 2 𝑑(𝑣𝑜𝑙) +
𝜕2

𝛽 𝜕𝑃

∫𝑣𝑜𝑙({𝐿}𝑇 𝛿𝑃)({𝐿}𝑃)𝑑(𝑣𝑜𝑙) = ∫𝑠 𝜌0 𝛿𝑃{𝑛}𝑇 (𝜕𝑡 2 𝑈) 𝑑(𝑆) − ∫𝑠 𝛿𝑃 ( 𝑐 ) 𝜕𝑡 𝑑(𝑆)
The finite element shape functions for spatial variation of the fluid pressure P, and the structural
displacement U, are defined in equations 2.9 and 2.10.
𝑃 = {𝑁𝑝 }𝑇 {𝑝}

(2.9)

𝑈 = {𝑁𝑢 }𝑇 {𝑢}

(2.10)

The finite element statement is defined by the Helmholtz’s Equation, where {𝑁𝑝 } the element
shape function for pressure, {𝑁𝑢 } is the element shape function for displacements, {p} is the
nodal displacement component vectors, and {𝑢} = {𝑢𝑥 }, {𝑢𝑦 }, {𝑢𝑧 } are the nodal displacement
vectors, as shown in equation 2.11.
1
{𝛿𝑝}𝑇 {𝑁𝑝 }{𝑁𝑝 }𝑇 𝑑(𝑣𝑜𝑙){𝑝̈ } + ∫ {𝛿𝑝}𝑇 [𝐵]𝑇 [𝐵]𝑑(𝑣𝑜𝑙) {𝑝}
2
𝑐
𝑣𝑜𝑙
𝑣𝑜𝑙

∫

(2.11)

+ ∫ 𝑝0 {𝛿𝑝}𝑇 {𝑁𝑝 }{𝑛}𝑇 {𝑁𝑢 }𝑇 𝑑(𝑆){𝑢̈ }
𝑠

+ ∫
𝑠

𝛽
{𝛿𝑝}𝑇 {𝑁𝑝 }{𝑁𝑝 }𝑇 𝑑(𝑆){𝑝̇ } = 0
𝑐
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𝑤ℎ𝑒𝑟𝑒 [𝐵] = {𝐿}{𝑁𝑝 }

𝑇

and the matrix notation of Helmholtz’s Equation is shown in equation 2.12.
[𝑀𝑓 ]{𝑝̈ } + [𝐶𝑓 ]{𝑝̇ } + [𝐾𝑓 ]{𝑝} = {𝐹𝑠𝑓 }

(2.12)

Where:

[𝑀𝑓 ] =

1
∫ {𝑁 }{𝑁 }𝑇 𝑑(𝑣𝑜𝑙)
𝑐 2 𝑣𝑜𝑙 𝑝 𝑝

[𝐶𝑓 ] =

𝛽
∫ {𝑁 }{𝑁 }𝑇 𝑑(𝑆)
𝑐 𝑠 𝑝 𝑝

[𝐾𝑓 ] = ∫ [𝐵]𝑇 [𝐵]𝑑(𝑣𝑜𝑙)
𝑣𝑜𝑙

[𝐹𝑠𝑓 ] = − 𝑝0 ∫ {𝑁𝑝 }{𝑛}𝑇 {𝑁𝑢 }𝑇 𝑑(𝑆){𝑢̈ }
𝑠

The coupling matrix representing the effective surface area of the fluid structure is shown in
equation 2.13.
𝑇

[𝑅] = ∫ {𝑁𝑢 } {𝑁𝑝 } {𝑛}𝑑(𝑆)

(2.13)

𝑠

So that the simplified fluid load equation shown in Equation 2.14:
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{𝐹𝑠𝑓 } = − 𝑝0 [𝑅]𝑇 {𝑢̈ }

(2.14)

The structural dynamics equation for fluid pressure at the interface is shown in equation 2.15:
[𝑀𝑓 ]{𝑝̈ } + [𝐶𝑓 ]{𝑝̇ } + [𝐾𝑓 ]{𝑝} = {𝐹𝑠 } + {𝐹𝑓𝑠 }

(2.15)

where the fluid load vector, {𝐹𝑓𝑠 }:

{𝐹𝑓𝑠 } = ∫ {𝑁𝑢 } 𝑃{𝑛}𝑑(𝑆) = ∫ {𝑁𝑢 } {𝑁𝑝 }𝑇 {𝑛}𝑑(𝑆){𝑝} = [𝑅]{𝑝}
𝑠

(2.16)

𝑠

The complete finite element equation in discretized equation for the Fluid Solid Interaction
problem can be written as shown in equation 2.17 and details can be found in [81].

[

[Ms ] [0] {𝑢̈ }
[C ]
]{ } + [ s
[Mfs ] [Mf ] {𝑝̈ }
[0]

[K s ]
[0] {𝑢̇ }
]{ } + [
[Cf ] {𝑝̇ }
[0]

[𝐾𝑓𝑠 ] {𝑢}
{𝐹 }
]{ } = { 𝑠 }
{0}
[Mf ] {𝑝}

(2.17)

where, [Ms], [Mf], [Cs], [Cf], [Ks], [Mfs], and [Kfs] denotes the structural mass, the fluid mass, the
structural damping, the fluid damping, the structural stiffness, the equivalent coupling mass, and
the equivalent coupling stiffness matrices, respectively; and {Fs}, {u}, and {p} represents the
applied load, the nodal displacement, and the acoustic pressure vectors.
Equation (2.17) represents the matrix mathematical formulation of the vibrating structure
surrounded by the fluid domain. This equation can be used in this work by considering the actuator
under an applied excitation voltage, and the sensor as a solid structure that vibrates due to the wave
propagation for the fluid surrounding the solid structure.
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2.2 Finite Element Simulation
The numerical simulation in this work includes modelling and investigation of acoustic
pressure wave propagation. This model includes using three different types of actuator/sensor
piezoelectric materials with three different geometries immersed in a container filled with a fluid.
To this end, due to the complexity of the model, a common software, ANSYS® relase19R2, was
used to investigate the acoustic waves generated by the excitation voltage applied on the actuator
by using the Fluid Structure Interaction (FSI) method.
2.3 Actuator and Sensor
In this case the actuator and sensor were modeled always as a pair with the same
dimensions, materials, and geometry. Within these parameters, the type of material used to create
the actuator/sensor pair was evaluated: PMNPT or single crystal, PZT Type 5A and PZT type 4.
These three materials were chosen for their different actuator/sensor properties, availability, and
price. Additionally, three different geometries for the actuator/sensor pair were chosen: square,
circular, and triangular. These shapes were utilized in noise cancelation and non-destructive
evaluation applications. The model includes the holder for the actuator and the sensor assigning
the mesh for both the structure and the surrounding fluid domain. Then appropriate boundary
conditions were applied to perform a harmonic acoustic analysis for actuator/sensor piezoelectric
pair immersed in a fluid. The model was created using a SolidWorks 2018® to design the actuatorsensor assembly, the wiring, and the surrounding fluid.
2.4 Experimental Setup
In order to test a non-destructive method in a liquid, a device was designed. This device
consists of a large container with dimensions of 380 and 105 mm, such that the actuator and sensor
are much smaller than the container and minimize wall effects. Holders were designed for the
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actuator and the sensor, and wires are soldered directly to the device. First, a circular
actuator/sensor pair was built and attached to a plastic holder as shown in Figure 2.2 (a), (b) and
(c) which illustrates 3D models of the actuator/sensor pair immersed into a fluid. For the
experiments only, a circular actuator/sensor pair was constructed using PZT Type 5A with a
diameter and thickness 50.8 mm and 1.28 mm, respectively.
The built assembly consists of two circular PZT disks adhered to plastic holders with a
conventional adhesive at room temperature. The assembly with the PZT, wiring immersed in a
fluid is shown in Figure 2.1.

Fluid level

Large container

HP 4194A Gain-Phase

Figure 2.1 Testing setup; (a) actuator circular PZT5A attached to a plastic holder, (b)
actuator/sensor pair immersed in a fluid, and (c) assembly connected to an impedance analyzer
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In order to test the actuator/sensor piezoelectric pair in a fluid medium, a constant level of
glycerin and distilled water were used. To minimize the effects of external factors on the results,
fluid level, placement of the holder and temperature were kept constant throughout the
experiments. The experimental setup, shown in Figure 2.1 was done by connecting the actuator to
the input of the impedance analyzer and connecting the sensor to the output the analyzer. The
impedance analyzer, a Hewlett Packard 4194A Impedance/Gain-Phase Analyzer was utilized to
measure the voltage gain due to the excitation voltage applied to the actuator in a wide range of
frequencies (100 Hz - 40 MHz, Vin = 0.5 V, High Impedance). In this manner, a signal was sent
by the actuator and measured by the sensor in a variety of frequencies.
2.5 Numerical Model
The numerical model in this work includes creating the piezoelectric, plastic holder, fluid
domain with proper dimensions to be consistent with experimental setup. SolidWork 2018® was
used to create the model. The dimensions for the piezoelectric actuator/sensor pair can be tabulated
in table (2.1):
Table 2.1 Dimensions of the piezoelectric actuator/sensor pair
Geometry

Piece #

Dimensions(mm)

Thickness(mm)

Circular

2

D=50.8

1.28

Square

2

H×W= (50.8*50.8)

1.28

Triangular

2

H×W= (50.8*50.8)

1.28

Figure 2.2 shows a schematic diagram for the assembly including the PZT, plastic holders, wires
and the fluid domain.
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(a)
Plastic holder

Electrical wires

PZT
Fluid domain

(b)
Plastic holder

Electrical wires

PZT
Fluid domain
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(c)

Plastic holder

Electrical wires

PZT
Fluid domain

Figure 2.2 Assembly with (a) square (b) circular and (b) triangular actuator/sensor pair immersed
in fluid

2.6 Materials
The mechanical properties for all types of piezoelectric materials and plastic holders used in
the assembly can be shown in table (2.2), the material for the plastic holder is considered isotropic
(i.e. the Modulus of elasticity for the material is constant). While, for piezoelectric materials, the
material considered an anisotropic material (the modulus of elasticity for the materials is
directionally dependent) [82].
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Table 2.2 Mechanical Properties for the Assembly
Material

Piece #

Density (kg/m3)

Modulus of Elasticity (N/m2)

Plastic holder

2

925

2.7E+9

PZT 5A

2

7550

Appendix 1

PZT 4

2

7500

Appendix 1

PMN32

2

8040

Appendix 1

The piezoelectric material properties for the PZT are defined as [83]:

𝐾11 0 0
𝜀
[𝜀 ] = [ 0 𝐾11 0 ]
0
0 0 𝐾33

(2.18)

0 0 𝑒31
0 0 𝑒31
0 0 𝑒33
[𝑒] =
0 0 0
0 𝑒15 0
[𝑒15 0 0 ]

(2.19)

𝐶11
𝐶21
𝐶31
[C] =
𝐶41
𝐶51
(𝐶61

0
𝐶22
𝐶32
𝐶42
𝐶52
𝐶62

0
0
𝐶33
𝐶43
𝐶53
𝐶63

0
0
0
𝐶44
𝐶54
𝐶64

0
0
0
0
𝐶55
𝐶65

0
0
0
0
0
𝐶66 )

(2.20)
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where [ε/ε0] is the relative permittivity, [e] is the coupling (in C/m2), and [C] is the elasticity
matrices in (Pa), respectively.
2.7 Mesh type
The mesh element type of the actuator/sensor piezoelectric pair and the surrounding fluid
domain were assigned automatically using mesh element Solid 186 for the sensor, while Solid 187
was used for the surfaces interacting with the fluid and the sensor, as shown in figure 2.3 a and b.
Mesh element Solid 186 has a quadratic displacement behavior, and each node contains three
orthogonal translational degrees of freedom, which ensures the mesh is accurate and complete. For
the fluid surrounding the sensor, Fluid 220 was used for the fluid domain, while, Fluid 221 was
utilized for the surfaces interacting between the fluid domain and the probe, as shown in figure
2.4a and b. Fluid 220 and Fluid 221 have four degrees of freedom: the pressure and three
translational degrees of freedom [84].

(a)

(b)

Figure 2.3 Mesh type for solid parts in the model (a) Solid 186 (b) Solid 187 [84]
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Figure 2.4 Mesh type for fluid parts in the model (a) Fluid 220 (b) Fluid 221 [84]

Figures 2.5a, b and c show a mesh configuration for the PZT assembly surrounded by a fluid for
square, circular and triangular PZT pair, respectively.

(a)
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(b)

(c)

Figure 2.5 A mesh configuration for the assembly surrounded by a fluid; (a) square, (b) circular
and (c) triangular PZT
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2.8 Boundary Conditions
The setup for the model included applying an excitation voltage in the form of a sinusoidal
wave applied to the actuator. The boundary conditions were set to restrain the plastic holder for
the actuator and make the sensor holder free to move laterally to investigate the effect of distance
on the wave propagation.
2.9 Harmonic Analysis and Harmonic Acoustic Analysis
The harmonic analysis included performing an analysis for the actuator under an excitation
voltage in the form (Vo sin ωt); the results obtained from this analysis were transferred to the fluid
medium for the next step of analysis. The results from this analysis included a deformation and
voltage for the actuator.
The harmonic acoustic analysis included the fluid medium obtained from the harmonic
analysis. The results in this analysis contained acoustic pressure between the actuator/sensor pair
at different distances, different PZT materials and three different geometries. The frequency can
be set at any range from 100 to 10 kHz.
2.10 Sensor Harmonic Analysis
This analysis included performing a second analysis to the data obtained from the harmonic
acoustic analysis, which included the acoustic pressure, and applied it to the sensor. The results
included the deformation and voltage for the sensor. All the detailed steps for modelling the fluid
– structural interaction can be seen in appendix B.
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CHAPTER 3 Results and Discussion
The acoustic harmonic analysis was made using ANSYS to investigate the acoustic wave
propagations between the actuator - sensor pair surrounded by a stationary fluid. The analysis was
based on the two-way Fluid Structure Interaction (FSI), which included an acoustic harmonic
analysis to the actuator-sensor pair immersed in the fluid by solving numerically using finite
element analysis through ANSYS workbench; the equation of motion for the actuator under an
excitation voltage coupled with the equation of motion for the fluid domain was used to find the
wave propagation in terms of acoustic pressure of the fluid between the actuator/sensor pair,
deformation and voltage for both actuator and sensor pair.
The numerical solution included an investigation of three different geometries of
actuator/sensor pair shown in Figure 2.2. Also, three different common piezoelectric materials
were used to study the effect of their mechanical properties on the acoustic pressure waves. Finally,
the effect of varying distance between the actuator/sensor pair was considered to see the effect of
distance on the acoustic pressure waves pattern.

(a)

(b)

Figure 3.1 Total deformation of the actuator-sensor PZT pair for square geometry; (a) the
actuator and (b) the sensor
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(a)

(b)

Figure 3.2 Total deformation of the actuator-sensor PZT pair for circular geometry; (a) the
actuator and (b) the sensor
(a)

(b)

Figure 3.3 Total deformation of the actuator-sensor PZT pair for triangular geometry; (a) the
actuator and (b) the sensor
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(a)

(b)

Figure 3.4 Voltage of the actuator-sensor PZT pair for square geometry; (a) the actuator and (b)
the sensor
(a)

(b)

Figure 3.5 Voltage of the actuator-sensor PZT pair for circular geometry; (a) the actuator and (b)
the sensor
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(a)

(b)

Figure 3.6 Voltage of the actuator-sensor PZT pair for triangular geometry; (a) the actuator and
(b) the sensor

Figures 3.1, 3.2 and 3.3 illustrate a total deformation for the rectangular, circular and triangular
actuator/sensor pair of PZT 4, respectively, when excited at 0.5 voltage and frequency of 10kHz
in at distance 20 mm between the actuator/sensor pair in a solution of glycerin. From these figures,
the simulations show the complexity of the deformation of the actuator and sensor with the
different shapes and modes of vibration. In this case, a square actuator showed the highest
deformation at the edges with several zones that do not deform at all under the generated wave.
This may indicate that the perceived signal is an average at different locations. In the case of a
circular and triangular shape, the highest deformation is at the center of the sensor. These two
geometries may be a more suitable sensor for applications. The order of the maximum magnitude
of the deformation in meters for the actuator seems to be the same for all geometries (in the order
of nanometers). For the sensor however, the maximum deformations vary by magnitude and
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location. In fact, the deformations perceived by the square sensor are an order of magnitude larger
than the others.
Figures 3.4,3.5 and 3.6 illustrate a total voltage for the square, circular and triangular actuator
sensor pair of PZT 4, respectively. It can be seen from these figures that the maximum voltage
occurred on the actuator due to the voltage applied on the actuator. While the minimum values
occurred on the sensor and this was due to the decay in pressure wave propagation that sensed by
the sensor.
Figures 3.7, 3.8, and 3.9 demonstrate a variation of acoustic pressure with distance for square,
circular and triangular PZT, respectively, at selected distances for three different PZT materials.
The maximum acoustic pressure calculated for the actuator and the sensor with varying distance
is shown in Figure 3.7,3.8 and 3.9. In figure 3.7, the actuator and sensor pair are modeled with
different materials and constant geometry: square PZT immersed in a solution of 100 % water, and
100% glycerin. Note that the actuator and sensor pair made with PMN32, PZT5A and PZT4. From
the figures, it can be seen that the order of magnitude for the maximum acoustic pressure occurs
on the PMN32, then PZT5A and PZT 4 for the same fluid, same excitation voltage and same
distance. This difference in the magnitude was due to the effect of dielectric constant d33 for the
PMN32 which is higher than PZT5A and PZT4. This leads that PMN32 is the most sensitive
material to change for acoustic pressure and its slope changes more distinctively when the viscosity
changes. The sensitivity in viscosity decreases when the material changes, namely PZT 5A (soft)
and last PZT4 (hard) being the least sensitive. More results of the acoustic pressure variations with
different distances can be seen in Appendix (C).
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Also, the acoustic pressure for both the sensor and the actuator with varying distance for different
geometries and for PZT pair made of PMN32 immersed in a solution of 100% water and 100%
glycerin are shown in Figures 3.10,3.11 and 3.12. The geometry of the sensor/actuator pair was
made of PMN32, PZT5A and PZT 4, respectively, and different geometries. It can be seen that
maximum acoustic pressure occurred when the square geometry with PMN32 was used. These
changes in acoustic pressure were due to the surface area for the square being larger than the circle
and triangle geometries. All other results of acoustic pressure variation with other distances,
geometries and PZT materials can be seen in appendix D.
In addition, it can be seen that for the same boundary conditions, the acoustic pressure was mainly
influenced by fluid density and speed of sound. This effect can be clearly seen given the order of
magnitude between the acoustic pressure for glycerin versus water.

Figure 3.7 Acoustic pressure variations vs distance (10mm) for square actuator/sensor PZT pair
made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 % water
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Figure 3. 8 Acoustic pressure variations vs distance (10mm) for circular actuator/sensor PZT pair
made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 % water

Figure 3.9 Acoustic pressure variations vs distance (10mm) for triangular actuator/sensor PZT
pair made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 % water
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Figure 3.10 Acoustic pressure variations vs distance (10mm) for actuator/sensor PZT pair for
different geometries made of PMN32; immersed in 100 % glycerin and 100 % water

Figure 3.11 Acoustic pressure variations vs distance (10mm) for actuator/sensor PZT pair for
different geometries made of PZT5A; immersed in 100 % glycerin and 100 % water
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Figure 3.12 Acoustic pressure variations vs distance (10mm) for actuator/sensor PZT pair for
different geometries made of PZT4; immersed in glycerin and water

Also, the numerical simulation studied the effect of mesh quality on the simulation. This study
included using three different mesh qualities (Coarse, medium and fine mesh) for both solid
structure (actuator/sensor pair) and fluid domain (water and glycerin) to see their effect on the
results, especially the acoustic pressure. Tables 3.1, 3.2 and 3.3 shows the effect of mesh quality
on the acoustic pressure. It can be seen that from the tables that there is no significant effect of
mesh quality on the acoustic pressure with different geometries, PZT materials and fluid type.
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Table 3.1 Effect of Mesh Quality using Square Shape, varying Piezoelectric Material type, and Fluid, on the Acoustic
Pressure
Mesh
Quality

No. of
Nodes

No. of
Elements

Material

Fluid

Max Acoustic
Pressure (Pa)

Min. Acoustic
Pressure (Pa)

12807

7730

PMN32

Glycerin

29.0

20.9

13586

8190

=

=

29.2

21.1

Fine

15170

9147

=

=

29.4

21.2

Coarse

12807

7730

PMN32

Water

9. 5

3.1

13586

8190

=

=

9.5

3.1

Fine

15170

9147

=

=

9.5

3.1

Coarse

12807

7730

PZT 5A

Glycerin

18.8

13.4

13586

8190

=

=

18.8

13.3

Fine

15170

9147

=

=

18.9

13.4

Coarse

12807

7730

PZT 5A

Water

6.8

2.3

13586

8190

=

=

6.8

2.4

Fine

15170

9147

=

=

6.8

2.4

Coarse

12807

7730

PZT 4

Glycerin

10.4

7.0

13586

8190

=

=

10.4

7.1

Fine

15170

9147

=

=

10.4

7.1

Coarse

12807

7730

PZT 4

Water

4.1

1.5

13586

8190

=

=

4.1

1.5

15170

9147

=

=

4.1

1.5

Geometry

Coarse
Medium

Medium

Medium

Medium

Medium

Medium
Fine

Square

Square

Square

Square

Square

Square
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Table 3.2 Effect of Mesh Quality using Triangular Shape, Piezoelectric varying Material Type and Fluid, on the
Acoustic Pressure
Mesh
Quality

Geometry

No. of
Nodes

No. of
Elements

Material

Fluid

Max. Acoustic
Pressure (Pa)

Min. Acoustic
Pressure (Pa)

3465

3341

PMN32

Glycerin

19.0

5.1

4723

3341

=

=

19.0

5.1

Fine

5653

3341

=

=

19.0

5.1

Coarse

3465

3341

PMN32

Water

15.5

4.2

4723

3341

=

=

15.5

4.3

Fine

5653

3341

=

=

15.5

4.3

Coarse

3465

3341

PZT 5A

Glycerin

5.0

1.3

4723

3341

=

=

5.0

1.3

Fine

5653

3341

=

=

5.0

1.3

Coarse

3465

3341

PZT 5A

Water

4.1

1.1

4723

3341

=

=

4.1

1.1

Fine

5653

3341

=

=

4.1

1.1

Coarse

3465

3341

PZT 4

Glycerin

3.8

1.0

4723

3341

=

=

3.8

1.0

Fine

5653

3341

=

=

3.8

1.0

Coarse

3465

7730

PZT 4

Water

3.1

0.8

4723

8190

=

=

3.1

0.8

5653

9147

=

=

3.1

0.8

Coarse
Medium

Medium

Medium

Medium

Medium

Medium
Fine

Triangular

Triangular

Triangular

Triangular

Triangular

Triangular
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Table 3.3 Effect of Mesh quality using Circular Shape, varying Piezoelectric Material Type, and Fluid on the
Acoustic Pressure
Mesh
Quality

Geomet
ry

No. of
Nodes

No. of
Elements

Material

Fluid

Max. Acoustic
Pressure (Pa)

Min. Acoustic
Pressure (Pa)

5544

3439

PMN32

Glycerin

27.5

11.0

5653

3439

=

=

27.5

11.0

Fine

8407

5560

=

=

27.8

11.1

Coarse

5544

3181

PMN32

Water

22.6

9.8

5653

3439

=

=

22.6

9.8

Fine

8407

5560

=

=

23.1

9.7

Coarse

5544

3181

PZT 5A

Glycerin

7.2

2.3

5653

3439

=

=

7.2

2.3

Fine

8407

5560

=

=

7.2

2.8

Coarse

5544

3181

PZT 5A

Water

6.1

2.5

5653

3439

=

=

6.1

2.5

Fine

8407

5560

=

=

6.0

2.5

Coarse

5544

3181

PZT 4

Glycerin

5.5

2.1

5653

3439

=

=

5.5

2.1

Fine

8407

5560

=

=

5.4

2.1

Coarse

5544

3181

PZT 4

Water

4.6

1.9

5653

3439

=

=

4.6

1.9

8407

5560

=

=

4.6

1.9

Coarse
Medium

Medium

Medium

Medium

Medium

Medium
Fine

Circular

Circular

Circular

Circular

Circular

Circular
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In order to validate the simulation, a simple experiment described in Chapter 2 was performed.
In this case, two simple experiments were done using two circular PZT immersed into 100% water
and 100 % glycerin. A voltage signal of 0.5 V was applied to the actuator in the form of sinusoidal
wave with frequency range from 100 Hz to 40 MHz using impedance analyzer.

(a)

(b)

Figure 3.13 Experimental measurements of gain vs. frequency at different distances between the circular
PZT5A actuator and sensors immersed in (a) glycerin and (b) water
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The validation between the numerical and experimental results included a calculation of the
pressure sensitivity which represents the ratio of the Psen./ Pact.. from the numerical simulation for
the circular PZT pair at a certain distance. The experimental calculation included pick up values
for gain for the circular PZT at the same distance as in the numerical simulation at frequency of
10 kHz. Then, the sensitivity db value was calculated for both numerical and experimental results
using the equations (3.1) and (3.2):

𝑑𝑏𝑛𝑢𝑚. = 20 |𝑙𝑜𝑔

𝑃𝑠𝑒𝑛
|
𝑃𝑎𝑐𝑡

𝑑𝑏𝑒𝑥𝑝. = 20|𝑙𝑜𝑔 𝑠𝑒𝑛𝑠𝑖𝑡𝑣𝑖𝑡𝑦 |

(3.1)

(3.2)

From equations 3.1 and 3.2 the values of sensitivity db for both numerical and experimental results
were calculated. The values show that the numerical sensitivity (dbnum.) were 10.825 and 11.4 for
water and glycerin, respectively, while, the values of the experimental sensitivity (dbexp.) were
11.254 and 18.48 for water and glycerin, respectively. From those values it can be seen that there’s
small difference between the numerical and experimental values for the water. However, this
difference is bigger in the case of the glycerin; this is because of the inaccuracy of the reading for
the measuring values.
Also, Figures 3.14 and 3.15 show the variation of numerical acoustic pressure sensitivity and
experimental voltage sensitivity with the distance between the actuator /sensor pair for glycerin
and water, respectively.
From both figures, it can be seen that there was an exponential decay for numerical and
experimental results in both fluids. This decay was mainly affected by several
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factors such a distance between the actuator/sensor pair, frequency, fluid viscosity, fluid density
and speed of sound into the different fluid media.

Sensitivity

Experimental

Acoustic pressure ratio

Sensitivity of glycerin
Acoustic pressure ratio of glycerin

Numerical

Distance (mm)
Figure 3.14 Variation of distance with sensitivity and acoustic pressure for glycerin

Experimental
Figure 3.15 Variation of distance with sensitivity and acoustic pressure for water

Acoustic pressure ratio

Sensitivity

Sensitivity
Sensitivityofofglycerin
glycerin
Acoustic pressure ratio of glycerin

Numerical

Distance (mm)
Figure 3.16 Variation of distance with sensitivity and acoustic pressure for water
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CHAPTER 4 Non-destructive evaluation viscosity device
Monitoring of fluid viscosity is very important in many different industries ranging from oil
industry to healthcare applications [85-88]. For example, in the oil and petroleum industry,
viscosity measurements play a vital role in determining the oil quality and how it can affect the
pipeline [89]. In the healthcare industry, monitoring blood viscosity is crucial for the treatment of
some diseases, such as vascular-related diseases [90]. Standard laboratory such as viscometers,
capillary tubes and rotating devices, need long measurement times and a large volume sample [91].
In addition, these devices can be expensive and require specialized training [91, 92], and they are
unable to measure viscosity in real - time continuously. Therefore, there is an increasing need for
accurate, real time, and low – cost viscosity measurement devices. Hence, a wide variety have
been developed over the years to establish high sensitivity, small size, ease of manufacture and
use, real-time measurement, and low-cost [90-95]. Modern viscosity measurement devices can be
categorized based on their operational principle of monitoring parameters such as (a) displacement,
(b) vibrations, and (c) wave propagation in fluids of different viscosities [87, 96, 57]
The displacement device basically works by correlating the viscosity of fluid to the
displacement of a ferromagnetic piston between two electromagnetic coils [97]. Also, there is a
recent method for viscosity measurement sensors based on measuring the amplitude and phase
responses to displacement of the sensor in the fluid using a fiber -optic method [94]. Zhang et al
[98] demonstrated a system that utilizes a Pb (Zn(1/3)Nb(2/3))O(3−x)PbTiO(3) (PZN-PT)
cantilever probe for actuation and a laser displacement sensor for detection. Though these devices
are designed for specific applications, they usually work within a constrained low range of
viscosity values and require specialized equipment such as optic fibers and lasers.
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Regarding vibration-based devices, a wide variety are available. One typical example consists
of a piezoelectric cantilever sensor, which correlates the resonance frequency shift and fluid
viscosity [99,100]. Similarly, measuring the resonance frequency of a vibrating beam by applying
a Lorentz force generated by an Alternating Current (AC) in a permanent magnetic field is another
mechanism that has been explored [101,102].
Similarly, quartz thickness-shear mode sensors are adapted to measure viscosity [90]. This
type of sensor, in particular, monitors the process of platelet activation, which leads to thrombus
formation (clotting). By following the sensors admittance frequency shifts concerning different
concentrations of platelet activation, coagulation can be detected. Purohit et al [103] reported a
radial mode piezo-resonator disc to improve the ultrasonic determination of viscosity in liquids by
correlating resonant frequency changes to viscosity. Another type of quartz thickness-shear mode
sensor is worth mentioning is a capacitive micromachined transducer [95, 104], which utilizes a
non-destructive ultrasonic pulse-echo system using piezoelectric materials as membrane sensors
and actuators. The changes to the waveform received due to mass changes correlate to viscosity.
With the development of microelectromechanical systems (MEMS) technology, viscosity, and
density measurements of different fluids are possible [88, 93, 105-109]. However, issues, including
inaccurate estimation, low range of viscosities, lack of analytical models, and complex calibration
procedures, remain barriers with these types of devices [93, 105, 107, 110].
Wave propagation-based devices use the measurement of the propagation time of wave in a
fluid and correlate the result to the fluid viscosity. For instance, a piezoelectric sensor sends a
signal to a liquid medium, and a reflector sends the signal back to the device [111]. The reflected
wave impedance is then measured and correlated to viscosity. This method requires a reflector and
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a large container and sample volume. This method has been widely used in structural health
monitoring of solids or structures for years.
In this chapter, a new device for monitoring a viscosity using non-destructive evaluation
method was designed and built. The purpose of the device is to demonstrate non-destructive
evaluation techniques in fluids to detect viscosity changes. In this application, the device must be
small enough to fit into a 3 ml vacutainer for use within the healthcare industry.
4.1 Design
In this section a design of viscosity probe device was proposed as an application of nondestructive evaluation technique. The design consists of a piezoelectric sensor and actuator device
pair based on a tuning fork principle using an actuator/sensor pair. The device design constraints
were size (small footprint, portability) and marketability (ease of manufacture, low cost, and
expendable). A commercially available soft PZT (type 5A) was chosen for the sensor and actuator
pair to satisfy marketability requirements. The PZT is bonded to a hollow brass tube, which is used
to accommodate wiring on two opposite sides allowing the device to share a ground connection.
The piezoelectric material that serves as an actuator vibrates as a function of the applied voltage
signal, Vo ⋅sin(𝜔t+ϕo) where Vo is the applied voltage at a particular frequency (f = 𝜔/2𝜋) and an
initial phase angle ϕo= 0. The actuator produces sound pressure waves that travel approximately 5
mm through the fluid medium to the sensor that then records a waveform with an amplitude, Vr or
received voltage, and a phase angle ϕr, VR sin(wt+ϕr). The proposed method is illustrated in Figure
4.1.
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Figure 4.1 Probe construction and operation
4.2 Fabrication
4.2.1 Materials
After considering several prototypes, the device was built consisting of layered materials
bonded with a conventional adhesive at room temperature. The layers help to ensure structural
integrity and ruggedness. These layers consisted of (a) two rectangular plates of PZT polarized
with Nickel electrodes (23 x 5 mm with thickness of 1 mm by Morgan Matroc Ceramics); (b) two
copper layers (25 x 6 mm with thickness of 1 mm); and (c) a rectangular hollow bar with a square
cross-section made of brass (70 x 5 mm with thickness of 5 mm). The layers can be shown in
Figure 4.1.
4.4.2 Assembly
The assembly consisted of a square hollow brass bar coated with polyethylene to provide
electrical insulation. Then, two thin layers of Copper (0.1 cm) and PZT (0.1 cm) were placed with
an adhesive to two of the outside opposing faces of the bar. Wires were soldered to the PZT
surfaces for a positive connection, and the copper layer becomes the ground. Heat shrink-wrap
was used to secure the cables in place and minimize the footprint of the device. The final prototype
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fits easily inside a standard vacutainer (Lithium Heparin 56USP with a diameter of 13 mm, a
capacity of 3 mL, and tube length of 75 mm).
4.3 Experimental Setup
Once the prototype is completed, a method that provides a consistent volume ratio of the
several mixtures of glycerin and water was required. For experimental testing, the volume was
kept constant at approximately 0.75 mm3 measured using a syringe. In this manner, only the tip of
the probe was submerged in the liquid.
LabView® software records and controls a Hewlett Packard 4194A Impedance/Gain-Phase
Analyzer capable of measuring capacitance, impedance, gain, and phase angles. The analyzer
scanned frequencies and supplied a sinusoidal wave to the actuator and monitored the signal
received by the sensor. The applied signal was a sinusoidal wave with an amplitude of 0.5 Volt at
a range of frequencies between 100 Hz and 40 MHz. The measured gain and phase are the ratio of
the amplitudes and the phase difference between the two signals. All measurements were
performed in a custom-made Faraday cage to avoid interference in the high-frequency ranges.
Figure 4.2 illustrates the experimental setup of the viscosity probe.
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Figure 4.2 Experimental setup of the viscosity probe
In addition to the Gain-Phase measurements, the impedance of the device in different liquids
was also monitored. The range of frequencies was smaller since piezoelectric devices consume
more current at the higher frequencies, and the impedance is not measured accurately at higher
values. The following steps summarize procedures of a typical set of experiments: Measuring (1)
the impedance of the actuator or sensor in water and glycerin; and; (2) the gain-phase with two
different concentrations and mixtures of distilled water (DI) and glycerin.

4.4 Experimental Results
The experimental results include measuring and recording phase shifts of the frequency in
glycerin and DI-water (Deionized water) mixture of various concentrations are plotted for the
probe, as shown in Figure 4.3. The phase shift is defined as the difference between the phase angle
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of the sent signal and the received one. The frequency of the applied signal was scanned for the
entire range the Gain-Phase analyzer is capable of performing (100Hz to 40MHz).

Figure 4.3 Peak phase shift vs. frequency as detected by the Gain-Phase Analyzer at different
Glycerin concentrations (0 to 100%)
Since the probe is a prototype, there is room for some variability. Thus, quality assurance tests
were crucial in determining prototype integrity. One way to monitor this integrity was periodically
monitoring capacitance and impedance values, since changes on the measured values may indicate
delamination, cracks, or deficiencies in the probe. Phase shifts for each glycerin level were
compared to known respective viscosity values, in the form of a calibration curve. Known glycerin
viscosities regarding both temperature and solution percentage can be obtained from available
literature [112]. A detailed error and p-values of the regression, as well as the values of the
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coefficient, are shown in Table 4.1. A statistical analysis of the regression was performed, with
the R2 of 0.99, indicating that the data fits a profile of the form is defined as follows.

𝜈=

1 𝑓 −𝑓 2
− ∙( 𝑅 0 )
𝑎𝑒 2 𝑏
,

(4.1)

where ν is the viscosity in cP, fR is the resonance frequency (MHz), f0, and a, and b are constants
that could be related to damping and sound propagation. Though the R2 was high, the parameters
may not be quite accurate (coefficients have a high standard error and high p-values). This type of
equation is usually used for a Gaussian wave equation and maybe significant in calibrating and
predicting viscosity values. The large standard errors indicate multi-colinearity, which indicates
more refinement of this equation is needed and more data is required for a more definite model.
The purpose of Equation (4.1) is to illustrate the trends observed in the experiments.
Table 4.1 Statistical analysis of the regression
R

R2

Adjusted R2

Standard Error of
Estimate

0.998
7

0.9975

0.9969

22.19

Coefficien
t

Std. Error

t

P

a

1341.292

342891640

3.91E-006

1.00

b

0.115

118380

9.73E-007

1.00

f0

7.365

213305

3.687E-005

1.00

DF

SS

MS

Regression

3

1812696

604232

Residual

8

3940

492

Analysis of Variance
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The results of the regression and confidence intervals are shown in Figure 4.4 that illustrates
the viscosity variation of different glycerin/DI water concentration levels with the frequency shifts.
It can be seen from the graph that the frequency shift increases with increases of viscosity
(increases in glycerin concentration).

Figure 4.4 Frequency vs viscosity regression
All the cases tested experimentally were also modeled, and the results are shown in Figure 4.3. In
spite of these differences, the trend is clear: higher viscosity results in a higher frequency shift.

4.5 Modeling of Non-Destructive Evaluation Device
The modeling of the non-destructive evaluation device included creating a computer model
of the piezoelectric viscosity probe built with dimensions of 5 x 5 x 70 mm, two copper sheets
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with dimensions of 6 x 0.1 x 25 mm, and two pieces of PZT type 5A with dimensions of 5 x 0.1 x
23 mm. Figures 4.5a, b and c show a diagram of the device assembly created using SolidWorks®.

Figure 4.5 Model built in SolidWorks®: (a) schematic of the built model and fluid level; (b) the
layers of the model; and (c) Prototype dimensions in mm
4.5.1 Material Properties
Mechanical properties for all materials are listed in Table 4.2. All materials utilized in the
probe were assumed to be isotropic except for the PZT material [82].
Table 4.2 Mechanical properties for the viscosity probe
Material

Piece # Dimensions (mm) Density (kg/m3) Modulus of Elasticity (N/m2)

Hollow brass 1

5 x 5 x 70

8500

96E+9

Copper

2

6 x 0.1 x 25

8900

110E+9

PZT 5A

2

5 x 0.1 x 23

7550

Appendix(A)

The piezoelectric material properties [83] for the PZT- 5A are defined as:
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𝐾11 0 0
𝜀
[ ] = [ 0 𝐾11 0 ]
𝜀0
0 0 𝐾33

(4.1)

0 0 𝑒31
0 0 𝑒31
0 0 𝑒33
[𝑒] =
0 0 0
0 𝑒15 0
[𝑒15 0 0 ]
𝐶11
𝐶21
𝐶31
[C] =
𝐶41
𝐶51
(𝐶61

0
𝐶22
𝐶32
𝐶42
𝐶52
𝐶62

0
0
𝐶33
𝐶43
𝐶53
𝐶63

0
0
0
𝐶44
𝐶54
𝐶64

(4.2)

0
0
0
0
𝐶55
𝐶65

0
0
0
0
0
𝐶66 )

(4.3)

where [ε/ε0] is the relative permittivity, [e] is the coupling (in C/m2), and [C] is the elasticity
matrices in (Pa), respectively.
4.5.2 Meshing
The mesh configuration for the viscosity probe and the surrounded fluid is assumed to be the
same mesh configuration mentioned in section 2.7. Figure 4.6 shows a mesh configuration for the
PZT assembly surrounded by a fluid domain.
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Figure 4.6 A mesh configuration for the viscosity probe surrounded by a fluid domain
4.5.3 Setup
The setup for the model included applying an excitation voltage in the form of sinusoidal wave
applied to the actuator. Also, boundary conditions were applied which included restraining the top
of the probe to be consistent with the experiments to u = ux = uy = uz = 0.
4.6 Solver
Once the setup was done, the solver in the ANSYS Workbench was used to the run the model
and do the analysis.
4.6.1 Modal Acoustic Analysis
The modal acoustic analysis with ANSYS was used to calculate the mode shapes of vibration
for the probe and the surrounding fluid. In this manner, the natural resonant and vibration modes
can be ruled out as a factor in the observed viscosity changes with frequency.
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4.6.2 Harmonic Acoustic Analysis
This analysis used a two-way Fluid Structure Interaction (FSI) to find the phase shift
actuator/sensor PZT pair under the excitation of the applied voltage.
4.7 Numerical Results
In this case, a model acoustic analysis with ANSYS was used to calculate the mode shapes of
vibration for the probe and the surrounding fluid domain. In this manner, the natural resonant and
vibration modes can be ruled out as a factor in the observed viscosity changes with frequency. The
natural frequencies for the probe immersed into air, water and glycerin solution are listed in Table
4.3.
Table 4.3 Natural frequency for the probe of different fluids in (Hz)
Fluid
Air

Density (kg/m3)
1.2

Speed of sound (m/s)
343

Mode 1
683.86

Mode 2
684.24

Mode 3
2358

Water

1000

1484

499.88

533.88

1080.2

Glycerin

1260

1920

468.53

501.72

625.45

Also, by using ANSYS, numerical simulations and analysis was performed. This analysis used a
two-way FSI to find the phase shift actuator/sensor PZT pair under the excitation of the applied
voltage. Figure 4.7 illustrates the phase shift change for the simulated and experimental for both
distilled water and glycerin, respectively. Also, Figure 4.8 shows the variation of resonant
frequency with viscosity of the fluid for both numerical and experimental work, and demonstrates
the close agreement between the numerical and experimental results.
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Figure 4.7 Variations in phase shift with frequency for both experimental and simulated results at
different concentration of glycerin and water

Figure 4.8 Variations in viscosity with resonant frequency for both experimental and modeled
results
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CHAPTER 5 Conclusions
Non-destructive evaluation techniques applied in a fluid medium can be used to monitor
acoustic wave propagations. In addition, fluid properties such as viscosity can be correlated.
In this work, a piezoelectric actuator-sensor pair is immersed into a fluid experimentally and
modelled numerically. Numerically, three different geometries with piezoelectric materials are
performed to study the sensitivity of the different materials and the different modes of vibration..
Additionally, three different piezoelectric materials (PMN32, PZT5A and PZT4) were assigned in
the model. Validating of the numerical model is done by constructing an experimental setup
consisting of two circular actuator-sensor pair type PZT 5A immersed into a container filled with
fluid (100% water and 100% glycerin); a voltage signal of 0.5 V was then applied to the actuator
in the form of a sinusoidal wave with frequency range from 100 Hz to 40 MHz using an impedance
analyzer. The experimental results included a measurement of gain for different fluids at different
selected distances, and this result was later used to compare it with the numerical results.
The numerical analysis used a two-way Fluid Structure Interaction (FSI) method to enable
modelling the interaction between the structure (piezoelectric) pair in this case and the surrounding
fluid domain. This method was based on performing harmonic analysis to the actuator under an
excitation voltage of (0.5 V) at a frequency range of (100-10000) Hz, and then performing another
harmonic acoustic analysis to the fluid domain between the piezoelectric pair by applying the
results obtained from the previous harmonic analysis. Finally, another harmonic analysis was
performed to the sensor by applying the results obtained from the acoustic harmonic analysis. The
results included total deformations and voltages for the actuator-sensor piezoelectric pair for the
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three different geometries and the three different materials. Also, the results included acoustic
pressure variations between the actuator-sensor pair obtained at different selected distances. The
results showed exponential decay between the actuator and sensor pair in the form (P=P e ), where
o

-αx

P is the output pressure, P is the applied pressure on the actuator due to the applied excitation
o

voltage, α is parameter related to the dynamic viscosity, ω is the sound angular frequency, ρ is the
fluid density, and V is the speed of sound in the fluid medium. Also, the results showed that
maximum acoustic pressure can be obtained by using a square piezoelectric pair and PMN32, but
this presents an interesting case for the comparison with other piezoelectric materials. Also, the
experimental results showed an exponential decay in the gain between the actuator-sensor pair.
This work is important when deciding what optimal geometry and piezoelectric material should
be used when designing and fabricating a non-destructive viscosity sensor. Based on the results,
the square or rectangle piezoelectric shape is the optimal geometry because it is commercially
available, inexpensive and easy to make.
This work also included building a disposable and inexpensive device to monitor the viscosity
changes in a fluid as an application of nondestructive evaluation in a fluid. This probe consists of
an actuator and a sensor, both made of a commercially available soft piezoelectric material (PZT5A). It is mainly designed around two constraints, 1) size, designed to fit into a 3 mL vacutainer,
and 2) cost: designed to be low-cost and disposable. The operation of the device is based on a
tuning fork principle as part of a mechanism for transmitting waves in a fluid medium. The actuator
is powered with a sinusoidal signal that vibrates, generating an acoustic wave through a fluid. The
sensor detects the produced wave in the liquid. The phase shift between the emitted and detected
wave signal was recorded and plotted for different concentrations of glycerin and water. Numerical
simulations through a finite element method (FEM) and the ANSYS software were performed.
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Acoustic modal and harmonic acoustic analysis results from the simulations predicted the
experimental results. The results from the modal analysis showed that the first, second, and third
modes of the probe were in the range of 683.9–2358 Hz for air, 499.6–1080.2 Hz for water, and
468.5–625.4 Hz for glycerin. From the harmonic acoustic analysis, the results showed the
ultrasonic frequency for phase shift effects ranges from 6 to 9 MHz. These results demonstrated
that the natural frequencies of the probe are in the kHz region, and the phase shift frequencies are
predicted to be in the high-frequency range.
The results obtained seemed to be directly linked to the (electric) acoustic impedance of the
probe in a fluid as observed in the impedance measurements of the actuator and sensor. Results
showed a trend: a phase shift increases with the viscosity of the liquid. Furthermore, the results of
this work demonstrated that wall interference is not a contributing factor because the distance
between the sensor and actuator is minimal. The main contribution of this device to the field of
viscosity monitoring, is the utilization of techniques used in structural health monitoring. The
developed method, additionally, has many advantages over other devices including size,
portability, low cost, minimal liquid sample requirements and is disposable. All these
characteristics enable a variety of uses for this method, such as inline monitoring and point-of-care
devices. For example, it can be used in medical applications such as monitoring a person in an
ambulance who suffers from a chronic disease. The approach and built probe are the initial steps
for the development of a robust system. Accuracy and repeatability have not yet been assessed.
The device has not yet been tested with non-Newtonian or moving fluids, and those research areas
need to be expanded numerically and experimentally. The method may also have other
applications, such as acoustic pressure sensors or density monitoring.
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CHAPTER 6 Recommendations and Future Work
The recommendations for future work include the following:
● Study the effect of the piezoelectric polarization (i.e., change the orientation of the
piezoelectric materials) on the results and compare it with the current results.
● Study the effect of the fluid height level and volume on the results.
● Study the effect of using the two different piezoelectric materials and see the effect on the
results.
● Investigate the effect of the temperature on the results, especially given that temperature
affects both piezoelectric materials and fluid.
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Appendix A: Piezoelectric Materials Properties
Relative permittivity (ɛr)
PMN32

3309 0
0
[ 0 3909 0 ]
0
0 1264

PZT-5A

919.1 0
0
[ 0 919.1 0 ]
0
0 826.16

PZT-4

0
762.5 0
[ 0 762.5 0 ]
0 663.2
0

Coupling matrix (e), C/m2

PMN32

0
0
25.68634
0
0
13.57143
0
0
13.57143
0
0
0
0
−3.7795
0
[−3.7795
]
0
0

PZT-5A

0
0
15.7835
0
0
12.2947
0
0
12.2947
0
0
0
0
−5.35116 0
[−5.35116
0
0 ]

PZT-4

0
0
15.0804
0
0
12.7179
0
0
12.7179
0
0
0
0
−5.20279 0
[−5.20279
0
0 ]
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Elasticity matrix (CE) ×1010 Pa

PMN32

PZT-5A

PZT-4

13.3 9.85 9.63
0
0
9.85 13.3 9.63
0
0
9.63
9.63
10.2
0
0
[C] =
0
0
0
7.14
0
0
0
0
0
7.14
( 0
0
0
0
0
12.0346
7.5191
9.63
[C] =
0
0
( 0

7.51791
12.0346
7.50901
0
0
0

13.8999
7.78366
[C] = 7.42836
0
0
( 0

7.50901
7.50901
11.0867
0
0
0

7.78366
13.8999
7.42836
0
0
0

0
0
0
2.10526
0
0

7.42836
7.42836
11.7436
0
0
0

0
0
0
2.564
0
0

0
0
0
0
0
6.67)

0
0
0
0
2.10526
0
0
0
0
0
2.5641
0

0
0
0
0
0
2.25734)
0
0
0
0
0
3.0581)
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Appendix B: Steps for modeling Fluid - Structural Interaction (FSI) for the actuator –
sensor pair immersed in a fluid.

The following steps show the modelling of the FSI for the actuator/sensor PZT pair:
1- Import the assembly, which includes actuator/sensor pair, plastic holders and fluid domain,
files from SolidWork with an extension of (*. xt) or (*.igs) to ANSYS workbench as shown
in Figure (B-1).
2- Assign the material properties from table (2.1) for the plastic holders and from Appendix
(A) for the piezoelectric materials.
3- Create a local coordinate system for both actuator and sensor PZT from a global coordinate
system. Assign them in step2 by using cylindrical coordinate systems for the circular PZT
pair and cartesian coordinate system for the square and triangular PZT.
4- Assign the mesh configuration for both PZT pair and fluid domain.
5- Perform the harmonic acoustics analysis by setting the frequency range (100 Hz – 10 KHz).
6- Create the acoustic region by selecting the fluid domain.
7- Create the structure region by selecting the actuator – sensor PZT pair.
8- Create the radiation boundary by selecting the faces of the fluid domain.
9- Create the PZT bodies for both sensor and actuator and assign their properties from
Appendix A for the relative permittivity and coupling matrix. Assign the polarization axis
in the z-direction, in this case.
10- Create a voltage body and assign it as an excitation voltage. Set a voltage of v =0.5 V and
apply it to the face of the actuator.
11- Create another voltage body, assign it as a ground voltage of v =0 V and apply it to the
other face of the actuator and one face of the sensor.
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12- Create a voltage coupling body and apply it to the other face of the sensor.
13- Apply a constraint to the plastic holders.
14- Run the model and find the acoustic pressure between the sensor actuator pair, total
deformation on the sensor and actuator, and voltage on the actuator and sensor.
15- Repeat the steps from 2-13 for other PZT pair types.
The steps from (2-13) can be seen in figure (B – 2)

Step 1
1

Figure B.1 Import Assembly from Solidworks software
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Step 2
Step 3
Step 4
Step 5
Step 6
Step 7
Step 8
Step 9
Step 10
Step 11
Step 12
Step 14

Step 13

Figure B.2 Main steps for Two - way Fluid Structure Interaction (FSI) modelling
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Appendix C: Acoustic pressure variations vs. distance for different geometries

Figure C.1 Acoustic pressure variations vs distance (15mm) for square actuator/sensor PZT pair
made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 %water

Figure C.2 Acoustic pressure variations vs distance (20 mm) for square actuator/sensor PZT pair
made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 %water
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Figure C.3 Acoustic pressure variations vs distance (25mm) for square actuator/sensor PZT pair
made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 %water

Figure C.4 Acoustic pressure variations vs distance (15mm) for circle actuator/sensor PZT pair
made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 %water.
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Figure C.5 Acoustic pressure variations vs distance (20 mm) for circle actuator/sensor PZT pair
made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 %water

Figure C.6 Acoustic pressure variations vs distance (25 mm) for circle actuator/sensor PZT pair
made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 %water
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Figure C.7 Acoustic pressure variations vs distance (15 mm) for triangular actuator/sensor PZT
pair made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 %water

Figure C.8 Acoustic pressure variations vs distance (20 mm) for triangular actuator/sensor PZT
pair made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 % water
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Figure C.9 Acoustic pressure variations vs distance (25 mm) for triangular actuator/sensor PZT
pair made of PMN32, PZT4, and PZT5A; immersed in 100 % glycerin and 100 % water
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Appendix D: Acoustic pressure variations vs distance for different PZT materials

Figure D.1 Acoustic pressure variations vs distance (15 mm) for actuator/sensor PZT pair for
different geometries made of PMN32; immersed in 100 % glycerin and 100 % water

Figure D.2 Acoustic pressure variations vs distance (15 mm) for actuator/sensor PZT pair for
different geometries made of PZT 5A; immersed in 100 % glycerin and 100 % water
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Figure D.3 Acoustic pressure variations vs distance (15 mm) for actuator/sensor PZT pair for
different geometries made of PZT 4; immersed in 100 % glycerin and 100 % water

Figure D.4 Acoustic pressure variations vs distance (20 mm) for actuator/sensor PZT pair for
different geometries made of PMN32; immersed in 100 % glycerin and 100 % water
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Figure D.5 Acoustic pressure variations vs distance (20 mm) for actuator/sensor PZT pair for
different geometries made of PZT 5A; immersed in 100 % glycerin and 100 % water

Figure D.6 Acoustic pressure variations vs distance (20 mm) for actuator/sensor PZT pair for
different geometries made of PZT 4; immersed in 100 % glycerin and 100 % water
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